SUMMARY Rabbit retina was used as an example of organized central nervous tissue in in vitro experiments designed to characterize the onset of cell death from ischemia. Retinas were subjected to progressively longer periods of different types of ischemic insult and then given an opportunity to recover before being tested for irreversible damage, using failure to reinstitute protein synthesis as the principal criterion. Anoxia was more damaging than substrate deprivation, but they were synergistic in combination. Restricting the volume of extracellular fluid during the combined deprivation, to simulate complete circulatory arrest in vivo, caused irreversible damage to occur even sooner. The cells were able to recover from 20 min of the complete ischemia, but it took them more than 2 h to do so. After 30 min, there was extensive irreversible damage. Loss of viability was usually associated with failure to reinstitute energy metabolism, as assessed by 2-deoxj glucose uptake. Under some circumstances loss of viability may have been the consequence of the failed energy metabolism. Increasing medium Mg+ +, prior to ischemia, to levels that greatly reduce energy requirements caused a significant improvement in the recovery of 2-deoxyglucose uptake.
Stroke, Vol 14, No 2, 1983 A TEMPORARY ARREST of the circulation affects CNS cells directly by preventing exchange of substrates and products of metabolism with the circulating blood. But there are also indirect effects caused by the failure of physiological support mechanisms. These changes persist for some time after circulation is restored and may play an important role in limiting recovery. Some of the indirect effects are systemic, including failure of the respiratory center, failure of the vasomotor center, lactic acidosis, and other alterations in blood composition. Some are more localized, including loss of autoregulation and of other mechanisms for controlling flow distribution, impaired reperfusion due to stasis-induced increase in blood viscosity, breakdown of the blood brain barrier, vasogenic edema, and increased intracranial pressure. In the aggregate, the direct and indirect effects of ischemia are so complex that it has been difficult to define causal sequences and to identify the time of onset of irreversible damage and the events responsible for it. The experiments described here were designed to isolate one aspect of the overall problem for more controlled study -the response of the CNS cells themselves to the direct effects of circulatory arrest. Toward this end, we have used an isolated preparation of CNS and have subjected it in vitro to conditions that simulate an arrest of circulation in vivo. The study was concerned primarily with the problem of irreversible damage, so the experimental tissue was usually returned to the control medium for many hours following the ischemic insult before the cells' recovery was as-sessed by measuring their ability to reinstate protein synthesis.
For an in vitro study to be readily interpretable, it is necessary to have an experimental preparation that can be maintained in a physiological state under control conditions, and retina appears almost uniquely suited for meeting this requirement. It is very thin but strong enough to be isolated without damage; and in rabbit (as in some other species) it has no penetrating vessels but is normally nurtured by diffusion from capillaries on the surface, so it is not much disturbed by being removed from the eye to a suitable incubation medium. 1 Retina is quite representative of other portions of the CNS with respect to its embryology, morphology, chemistry, and function; and retinal neurons and glia show the same distinctive morphological responses to various types of ischemic insults as the neurons and glia in other portions of the CNS. 2 The measurement of protein synthesis provides a quantitative assessment of a complex metabolic function, and offers a relatively easy method of monitoring the cells' ability to recover from an experimental insult. It has been previously shown that retinas incubating under control conditions maintain a rapid rate of protein turnover (0.5% per h), with synthesis approximately equal to breakdown. 3 Though many aspects of CNS metabolism show large variations associated with changes in neuronal activity, protein synthesis remains remarkably constant, 4 and this stability makes it a particularly useful measure of the basic metabolic capability of the tissue.
Some of the experiments to be described were designed to determine the maximum period of complete ischemia to which the cells can be subjected and still recover, and to determine how long their recovery takes. Other experiments were designed to examine the effect on the cells of the different components of the ischemic insult. Thus, anoxia, substrate deprivation, and a reduction in the effective volume of extracellular fluid were presented separately or in combination to see which were the most damaging. Measurements of 2-deoxyglucose (2-DG) uptake were made following ischemia to determine whether recovery was limited by the cells' ability to reestablish their energy metabolism.
The same experimental system has been used for two additional studies, as described in the accompanying papers. One study 5 examined the changes in plasma membrane permeability and cell volume during ischemia, and the relation of these changes to ischemic cell death. The other 6 examined the effect on cell survival of the extracellular changes that occur during ischemia, over and above the depletion of 0 2 and substrate.
It is of course hazardous to generalize from the experiments described here to conditions observed clinically. In order to make such a translation, it will be necessary to have a more complete understanding than is now available of the similarities and differences between the two situations.
The most important difference probably relates to the complex alterations that regularly occur in vivo in both the quality and the quantity of the blood supply to the cells at risk. There are undoubtedly also important differences in the responses of the different cells involved, but it would appear likely that the differences of the cell types may be as great within the various regions of CNS as between regions, or even between species. The fundamental question of the molecular changes that determine death at the cellular level is still far from answered, and the similarities in this regard between all cell types probably outnumber the differences.
Methods

Isolation of Retina and Maintenance In Vitro
The isolation and incubation were performed under usual laboratory illumination in a thermostatically controlled room, maintained at 37°C. New Zealand White rabbits weighing 2-2.5 kg were sedated with intravenous pentobarbitone (10 mg/kg) and brought to surgical anesthetic level with ether by mask. The eye was enucleated and hemisected, and the anterior portion and vitreous were discarded. The posterior portion was everted under medium; the retina was separated from the choroid; and the choroid and sclera were cut from around the optic nerve. The nerve stump served as a handle for transferring the tissue but was cut off before the retina was analyzed. Anesthetics are effectively cleared from the retina by elution into the relatively large volume of medium that is used for the isolation, and electrophysiological recordings have revealed no evidence of residual anesthetic in the isolated tissue. 7 The incubations were performed in 6 ml or 20 ml of medium contained in a glass incubation chamber with controlled gas phase. The chamber was rocked gently in a water bath, maintained at 37 ± 0.1 °C with a Lauda constant temperature circulator. The control medium was made up to resemble human CSF with respect to its electrolyte composition and its 38 organic constituents which included amino acids, vitamins, purines, pyrimidines, pyruvate, glucose (6 mmol/1), and 0.5% serum. It was equilibrated with a gas mixture of 40% 0 2 , 5% C0 2 , and 55% N 2 , saturated with water vapor.
A more complete account has recently been published of the procedure used to isolate and incubate the retina, with a detailed description of the composition and preparation of the medium and a photograph of the incubation chamber. 1 
Simulation of Ischemia In Vitro
To simulate complete circulatory arrest, the retina was immersed for 1 min in medium containing only the inorganic electrolytes equilibrated with 95% N 2 and 5% C0 2 and it was then transferred, in a nitrogen atmosphere, to a small Teflon container ( fig. 1 ). The container was sealed and maintained in the nitrogen atmosphere at 37 ± 0.2°C for the designated period of ischemia after which the lid was removed and the retina was transferred back to the control medium.
To test the effect of anoxia alone, the retina was incubated for the specified period in medium containing the full complement of organic constituents but equilibrated with 95% N 2 and 5% C0 2 . For the experiments on substrate deprivation alone, the medium contained only the inorganic electrolytes and was equilibrated with the control gas mixture of 40% 0 2 , 5% C0 2 and 55% N 2 . And for the combined deprivation of 0 2 and substrate, with a large volume of extracellular fluid, the retina was incubated in the electrolyte solu- ONSET OF IRREVERSIBLE DAMAGE DURING ISCHEMIA/Ames and Nesbett 221 tion equilibrated with 95% N 2 and 5% C0 2 . During these test incubations the retina was immersed in 20 ml of medium in an incubation boat that rocked gently in the water bath at 37 ± O.TC.
Analytic Procedures
The rate of protein synthesis was estimated from the incorporation of labeled leucine into protein. For this purpose the 11 /x.mole/1 of leucine in the medium was enriched with L-4,5(n)-3 H leucine to a specific activity of 90 Ci/mol. The rate of glucose utilization was estimated from the uptake of 14 C 2-deoxyglucose (2-DG), added to the medium at a concentration of 0.6 ixmol/l with a specific activity of 330 Ci/mol. The concentration ratio of 2-DG to glucose was 1:10,000. Many of the experiments involved double labeling, and the retina was exposed to the two labeled substrates together for a Vi h period ending 15 min before harvesting. Measurements of the flux of leucine 8 and of 2-DG (Ames, unpublished) across retinal plasma membranes have shown that the 15 min "chase" is more than sufficient to clear the tissue of unincorporated leucine and unphosphorylated 2-DG. And the labeled leucine remaining after the "chase" has corresponded closely with the TCA precipitable label. 3 At the time of harvest, the retina was placed in a weighing bottle and lyophilized to obtain dry weight. It was then solubilized by adding 225 fx\ of water followed after 45 min by 1 ml of Nuclear-Chicago Solubilizer (NCS), with mixing by magnetic stirrer beginning 20 min after adding the water. The resulting clear, colorless solution was differentially counted in a liquid scintillation counter, together with a sample of the labeling medium which had been prepared in the same way. Quench corrections did not differ between specimens and cancelled in the calculations.
Experimental Format
The retinas were kept in the control medium for 45 min to permit recovery from the effects of the isolation. Control retinas continued in the control medium for periods of up to 4 h. Test retinas were subjected to one of the 4 types of ischemic insult described above for defined periods of from 10 to 50 min and were then returned to the control medium. In experiments with the shortest recovery period, the retinas were transferred directly from the ischemic condition to control medium containing labeled leucine and 2-DG; and the results of the uptake measurements were plotted as of the midpoint of the labeling period, or 15 min along the recovery curve. In the experiments with the longest recovery period, the retinas had been back in the control medium for 4 h before being exposed to the labeled substrates.
Results
Time of Onset of Irreversible Damage
A series of experiments was performed in which retinas were exposed for successively longer periods to conditions simulating circulatory arrest in vivo. The reversibility of the ischemic damage was assessed by monitoring the retinas' ability to reinstitute protein synthesis after return to control medium ( fig. 2) . The ischemia caused a prompt and progressive impairment of protein synthesis, as shown by the dotted line in figure 2. Retinas that had been subjected to 20 min of ischemia showed a reduction in synthesis to 33% of the normal rate, but they were able to recover completely over a period of 2 to 4 h. Extending the duration of the ischemia to 30 min resulted in a marked change in the tissue's response. Protein synthesis appeared at first to recover quite rapidly; but recovery stopped after 2 hours, and the rate of synthesis measured at the end of 414 h was less than 50% of control. Following 40 min of ischemia, there was a further reduction in synthetic capacity with even less recovery.
The rate at which leucine was incorporated into protein by the control retinas in figure 2 (21 nmole/g/min), corresponds to a turnover rate for total retinal protein of 0.5% per h (calculated using a value of 369 /umole per g dry wt for the leucine in retinal protein 3 and a factor of 0.7 for the reduction in specific activity of free leucine in the intracellular pool). age was associated with another, quite unexpected, change. Retinas that had been ischemic for 20 min remained flexible, and were redeployed easily when returned to the control medium; but retinas that had been ischemic for 30 min or more were quite rigid when they were removed from the Teflon container in which they had been subjected to the ischemic insult, and could be redeployed only with some difficulty when they were restored to the control medium. This change in the physical characteristics of the retina was easy to detect and was closely correlated with other indices of irreversible damage. The stiffness appears not to have been secondary to turgor from cell swelling since there was no increase in intracellular water at the time the rigidity appeared, 5 and increasing ECF osmolality with 29 milliosmolar polyethylene glycol beginning 4 min before the ischemia provided no protection (3 retinas). It therefore seems more likely that the rigidity reflected a change in the cytoskeleton of the cells, or a change in their plasma membranes that facilitated cross-linking between cells.
Importance of the Different Components of the Ischemic Insult
In order to determine which aspects of the ischemic insult were responsible for the damage that was observed after 30 min of complete ischemia, retinas were exposed for periods of 30 min to the different components, presented singly or in combination. The retinas were then returned to the control medium, and recovery was assessed by measuring their ability to reinstitute protein synthesis. The results are shown by the solid lines in figure 3 . Deprivation of substrate alone was least damaging and was followed by complete recovery. Anoxia alone was followed by a 50% reduction in synthesis, but most of this was reversible, and there was a relatively small residual deficit after 4 h of recovery. Combining anoxia and substrate deprivation caused a greater initial reduction and slightly more residual damage. And introducing the additional feature of a greatly restricted volume of ECF during the combined deprivation caused a still further reduction in synthesis and a considerable increase in residual damage.
Rates of 2-DG uptake, measured in the same experiments (see interrupted lines in fig. 3 ), showed a rough parallelism with the measurements of protein synthesis, though 2-DG uptake was less affected than protein synthesis by deprivation of 0 2 alone and by restricting the volume of ECF. As shown in the first panel of figure 2 , there was a surprisingly large, though temporary, reduction in 2-DG uptake following substrate deprivation alone.
In another series of experiments to examine the effects of the different components of ischemia, the duration of the insult was varied from 30 to 50 min and recovery was not assessed until after the retinas had been back in the control medium for 4 h. When reinstitution of protein synthesis was the criterion used to assess recovery ( fig. 4) , the retinas showed the same rank ordering for the 4 types of ischemic insult as in figure 3 . Substrate deprivation alone left no impairment of synthesis, even if continued for as long as 50 min. Anoxia alone caused a small amount of irreversible damage after 30 min (p < 0.05), that increased progressively as the duration of anoxia was extended. When substrate deprivation was added to the anoxia, there was a significant increase over the damage caused by anoxia alone. As before, reduction in ECF volume in the presence of the combined deprivation caused a further reduction in synthetic capacity, as shown by the lowermost curve in figure 4 .
The uptake of 2-DG was measured in the same experiments and the results are shown in figure 5 . Neither the removal of 0 2 nor of substrate, alone, even when continued for as long as 50 min, left any residual deficit in 2-DG uptake; but there was a marked synergistic effect when they were removed together. The reduction in 2-DG uptake that was measured 4 h after the combined deprivation of 0 2 and substrate was linearly related to the duration of the deprivation, so that there was an additional 22% reduction in 2-DG uptake 
FIGURE 3. Retinas were subjected/or 30 min to four different types of ischemic insult: deprivation of all organic substrates in the presence of normal 0 2 (~~ SUB); deprivation ofOj in the presence of normal substrates (-0 2 ); deprivation of both in a large volume of solution containing only electrolytes ( -O2, -SUB); deprivation of both, but with the ECF restricted to the interstitial fluid as described in Fig. 1 (-0 2 , -SUB, -ECF). The retinas were then returned to control medium and tested, either immediately or after varying periods of recovery, for their ability to incorporate 3 H-leucine into new protein (solid line) and for their ability to utilize glucose, as indicated by 2-DG uptake (interrupted line). Results are presented as per cents of the control values ± SEM. Number of experiments in parentheses.
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FIGURE 4. Retinas were subjected for 30, 40, or 50 min to four types of ischemic insult as described in Fig. 3 and were then returned to control medium for 4 h before their recovery was assessed by measuring 3 H-leucine incorporation into protein. Bars show S.E.M. Number of experiments in parentheses.
for each additional 10 min of deprivation. Restricting the volume of ECF during the deprivation caused no further reduction in 2-DG uptake.
(The ratio of 2-DG to glucose in the medium was 1:10,000 and the ratio of medium cleared of 2-DG to medium cleared of glucose is about 0.2 (from experiments on 4 retinas under control conditions), so glu- 
DURATION OF INSULT (minutes)
FIGURE 5. Like Fig. 4 , but recovery assessed by measuring 2-DG uptake.
cose utilization can be calculated from 2-DG uptake by using a factor of 5 x 10 4 . For example, glucose utilization by control retinas in figure 5 is 5 x 10 4 X 0.24 nmole/g/min, or 12 jamole/g/min.)
Effects of an Increase in Mg ++ Sufficient to Reduce Energy Requirements
It is well known that synaptic transmission can be blocked by increasing the Mg ++ /Ca ++ ratio in the ECF; and, in experiments on retina, it has been shown that increasing the Mg ++ in the medium causes a prompt but reversible cessation of both the spontaneous and light-evoked activity of retinal neurons, as monitored by electrophysiological recordings from the ganglion cells. 10 In preliminary experiments to determine the reduction in energy requirements associated with the synaptic blockade, measurements were made of 2-DG uptake before and after increasing medium Mg + + to 15 mmole/1 in the presence of normal 0 2 and substrates. The increase in Mg ++ caused a prompt reduction in 2-DG uptake to 32 ± 3% (S.E.M.) of the control value (p < 0.001, n = 4), and the 2-DG uptake returned promptly to normal when Mg ++ was returned to the control level of 1.2 mmole/1.
In order to see whether this reduction in their energy requirements would permit the retinas to withstand a longer period of ischemia, Mg + + was increased to 15 mmole/1 beginning 4 min before a 30 min deprivation of 0 2 and substrate in a restricted volume of ECF. The Mg ++ was kept elevated through the first hour of recovery and the retinas were assessed after 4 h of recovery (table 1). Those that had had an elevated ECF Mg + + during the ischemic period showed only a 12% reduction in 2-DG uptake whereas the retinas that had been made ischemic with normal levels of Mg + + showed a 36% reduction in 2-DG uptake (p < 0.005). The elevated Mg + + provided no significant protection with respect to protein synthesis, and a possible explanation for this disparity is presented below.
Reproducibility of the Experimental System
As indicated by the error bars in the figures, repli- cate retinas were quite similar in their responses, and this was true even for tissues that had been severely damaged by the ischemic insults. In 8 groups of replicates in which the retinas had not been significantly impaired by the ischemic insult, the standard deviation averaged 6% of the mean for leucine incorporation and 8% for 2-DG uptake. In 18 groups in which the retinas had been significantly damaged, the standard deviations for leucine incorporation and 2-DG uptake averaged 7% and 5% of the normal means respectively.
Discussion
Time of Onset of Irreversible Damage
When retinas were returned to control medium after 20 min of ischemia, protein synthesis recovered fully over a period of 4 h ( fig. 2) . It can probably be inferred from this that the cells had also recovered their ability to synthesize new messenger RNA; since, in the absence of synthesis, the normal degradation rate of mRNA eg " would be expected to have led to a significant reduction in its concentration over the 4 h period. The resumption of transcription and translation indicates that a major portion, and a complex portion, of the cells' metabolism was again operating normally; and it seems reasonable to conclude from this that the cells had remained viable.
On the other hand, retinas that had been subjected to 30 min of ischemia recovered less than 50% of their protein synthetic capacity; and the recovery that did occur took place in the first 2 h ( fig. 2 ), suggesting that a longer period of recovery would not have resulted in further improvement. This conclusion receives additional support from other experiments 5 in which changes in intracellular water were measured following 30 min of ischemia and in which it was found that, as the recovery time was extended, the cells continued swelling rather than returning towards normal size.
Thus the results of these experiments indicate that an important change occurred between 20 and 30 min of ischemia, resulting in the irreversible loss of more than 50% of the retina's protein synthetic capacity and probably reflecting the loss of viability of a considerable fraction of the retinal cells. The appearance of irreversible damage between 20 and 30 min of ischemia is consistent with the results of previous studies on the isolated retina in which the criteria for loss of viability were failure to recover electrophysiological function and failure to recover normal fine structure. 2 A 20 to 30 min survival time for CNS cells subjected to complete ischemia is longer than would have been expected from most clinical observations or from most experimental studies performed in vivo. Circulatory arrest usually leads to irreversible loss of CNS function after 5 min, and it has been generally accepted that this is the time at which the more vulnerable cells are beginning to undergo irreversible damage. However, it is becoming increasingly apparent that recovery from ischemia in vivo may be very much curtailed by the unphysiological conditions to which the CNS is subjected in the period following the ischemia. When unusual care has been taken in the post-ischemic period to substitute for the non-functioning homeostatic mechanisms (e.g., not only with artificial respiration, but also with careful attention to reestablishing normal flow to the brain and to correcting abnormalities in blood composition), the CNS has been found to recover from periods of ischemia lasting much longer than 5 mm 12-15 Particularly noteworthy in this regard are the experiments of Miller and Myers 16 who produced complete, global CNS ischemia in monkeys by occluding the ascending aorta, with CNS temperature maintained above 36°C. When it was possible to reestablish and maintain normal cardiovascular and respiratory function in the post-ischemic period, there was almost complete recovery of neurological function after 20 min of ischemia, and one animal was able to sit unassisted after 24 min of circulatory arrest (ibid.). Systematic histological examination performed some days later revealed little or no damage after 14 min of circulatory arrest; and, even after 24 min, the damage was restricted to the brain stem and certain parts of the basal ganglia, with no injury to the cortex or the neostriatum. " Thus our results on the isolated retina appear to be quite consistent with the optimal recoveries reported in in vivo studies, and both types of experiment indicate that the first irreversible damage occurs after about 20 min of complete ischemia.
Importance of the Different Components of the Ischemic Insult
Arrest of the circulation subjects the cells to a number of changes in their extracellular milieu, including a fall in 0 2 , a fall in glucose, alterations of electrolyte composition, and accumulation of catabolites. It seems apparent that the fall in 0 2 is the cause of the earliest important metabolic changes within the cells, and that these in turn lead promptly to loss of function. However, it is less clear which of the changes, or combination of changes, is responsible for the loss of viability, which does not occur until much later. This has been a difficult question to address in vivo, since the introduction of any of the components of the ischemic insult compromises the function of the respiratory and cardiovascular systems and subjects the CNS to a mixed type of insult. 18 It is easier in vitro to subject cells to a single component of the ischemic insult. The response of cells to the components examined here was quite consistent, whether assessed in terms of recovery curves following an insult of marginal duration ( fig.  3 ), or with respect to the recovery finally achieved following insults of longer duration (fig. 4) .
Substrate Deprivation
Substrate deprivation was least damaging; and surprisingly, the retinas recovered completely from incubations of up to 50 min during which there was a complete absence of exogenous substrate (figs. 4 & 5) . Though the cells were metabolizing exogenous glucose at the normal rate by the end of 4 h of recovery ( fig. 5) , there had been a substantial reduction in 2-DG uptake immediately after the substrate deprivation followed by a progressive improvement over the next 2 h 
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(cf. first panel of fig. 2 ). This delay in the recovery of the utilization of exogenous glucose presumably reflected a continuation of the shift to endogenous substrate that had occurred during the period of deprivation.
19 0 2 Deprivation 0 2 deprivation for only 30 min caused a reduction in protein synthetic capacity that was not entirely reversible during 4 h of recovery ( fig. 3) , and there was a progressive increase in the irreversible damage as the period of anoxia was extended (fig. 4) . Of the several cell types in retina, the photoreceptors have the highest level of oxidative metabolism 20, 21 and are the most vulnerable to anoxia as shown by histological criteria. 22 Since photoreceptors account for some 40% of the protein synthesis in retina, 23 the progressive, irreversible loss of protein synthetic capacity during anoxia probably reflects the loss of viability of progressively more photoreceptor cells. There is indirect evidence that the photoreceptors contribute less than the other cell types to the high level of aerobic glycolysis in retina, 1, 20 and this may explain why the reduction in protein synthesis following anoxia was not accompanied by a measurable reduction in glucose utilization ( fig. 5) .
The combination of substrate deprivation and anoxia would be expected to reduce drastically the cells' capacity to synthesize ATP. Retinas subjected to the combined deprivation in a large volume of ECF developed irreversible damage to protein synthesis at about twice the rate of retinas subjected to anoxia alone; and, when retinas were subjected to the combined deprivation with a restricted volume of ECF, there was a dramatic further increase in the amount of irreversible damage (cf. lower two curves in fig. 4 ). This increase in damage associated with a diminution in ECF volume has also been demonstrated using histological criteria, and it appears to involve all cell types. 22 It indicates that factors in addition to the reduction in energy metabolism play an important role in ischemic cell death. These factors have been the subject of a subsequent study. 6 Energy Metabolism and Irreversible Damage Failure of energy metabolism clearly plays a primary role in the changes that occur during the ischemia and must be an important causal link in the chain leading to irreversible damage, but there is still considerable uncertainty as to whether a failure to recover energy metabolism is "a manifestation of the earliest irreversible damage, and whether, indeed, the failure to recover energy metabolism is itself the cause of the loss of viability. 24 The measurement of a reduction in energy metabolism in post-ischemic CNS tissue is open to some ambiguity of interpretation, since it might reflect failure of the tissue to resume its physiological activities, rather than a primary failure of the reactions responsible for the generation of metabolically usable energy. In the experiments reported here, deprivation of 0 2 and substrate led to an irreversible reduction in 2-DG uptake after 30 min, with a linear progression of the deficit as the deprivation was extended to 40 and 50 min. Since electrophysiological studies have shown virtually no functional recovery after 30 min of deprivation, 2 this progressive reduction in glucose utilization is probably not secondary to a progressive failure of physiological function.
The metabolic consequences of anoxia have little in common with those of substrate deprivation, except for the reduction in ATP synthesis. Therefore the strikingly synergistic effect of the combined deprivation on the recovery of 2-DG uptake ( fig. 5) suggests that the failure to reestablish glucose metabolism depended on the extent of ATP depletion during the deprivation. It apparently made little difference whether the ATP was being maintained by oxidative metabolism or glycolysis. The results are consistent with the hypothesis that the cells lost their ability to reinstitute glucose metabolism when the ATP fell below a critical level, determined perhaps by the Km with hexokinase. However, it is also possible that the failure of glucose metabolism was secondary to other changes in the cells' metabolism resulting from the ATP depletion.
If irreversible damage to glucose metabolism depended directly on the extent of ATP depletion, measures to reduce the requirements for ATP should be protective. This probably accounts for the improved recovery when Mg + + was increased prior to ischemia to a level that blocks synaptic transmission (table 1) . Alternative explanations for the protective effect of Mg ++ include stabilization of plasma membranes 25 and reduction in the flux of Ca + + into the ischemic cells. 26 The observation that elevated Mg + + improved the recovery of glucose metabolism more than protein synthesis (table 1) may be explained by the fact that a large proportion of retinal glycolysis takes place in the inner retina, 20 whereas a large proportion of the protein synthesis takes place in the photoreceptor cells, which would not have been affected by synaptic blockade.
The above considerations suggest that failure to reestablish energy metabolism may have been the cause of the loss of viability following deprivation of 0 2 and substrate in a large volume of ECF. Retinas subjected to this condition showed a close correlation between failure to recover 2-DG uptake and failure to recover protein synthesis (see fig. 3 and figs. 4 and 5); and there were no instances in which the retinas recovered a normal rate of 2-DG uptake while exhibiting a continued impairment of protein synthesis as would have been expected if early irreversible changes had interfered directly with transcription and translation.
However, failure to reinstitute glycolysis does not appear to be a sufficient explanation for loss of viability following other types of ischemic insult. When ECF volume was reduced during the deprivation to simulate complete circulatory arrest, there was a marked increase in irreversible damage as assessed by protein synthesis, without any further reduction in glucose uptake (cf. figs. 4 and 5). These retinas also exhibited a striking loss of flexibility at about the time of irreversible damage; and, in retinas that were simi-STROKE VOL 14, No 2, MARCH-APRIL 1983 larly treated, we have observed 5 a progressive increase in plasma membrane permeability. These findings suggest that, under the conditions of complete circulatory arrest, there are early irreversible changes involving systems other than those concerned with energy metabolism.
Following anoxia alone, there was an irreversible reduction in protein synthesis ( fig. 4 ) before there was a measurable effect on glucose utilization ( fig. 5 ). 0 2 uptake was not measured in the post-ischemic retinas, and it is possible that there was a failure of oxidative energy metabolism in the mitochondria-rich photoreceptors that was not reflected in the measurement of 2-DG uptake. Mitochondria have been identified as an early site of ischemic damage. 27 A conclusive answer to the question of whether failure to reinstitute energy metabolism is the limiting factor in survival following some types of ischemic insult will probably depend on devising a way of circumventing the problem and then seeing whether this permits recovery of the rest of the cells' metabolic processes. Experiments of this type have been performed on red cells that had been subjected to red cell storage disease and that were no longer able to utilize glucose. Administration of inosine made it possible for them to initiate glycolysis, and to recover normal ion gradients and a normal life-span. 28 
